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Large-stroke capacitive MEMS accelerometer
without pull-in
Meysam Daeichin, Ronald N. Miles, and Shahrzad Towfighian
Abstract— In this study, the feasibility of obtaining electrical read-out data from a capacitive MEMS accelerometer that
employs repulsive electrode configuration is demonstrated. This configuration allows for large-stroke vibrations of
microstructures without suffering from pull-in failure that exists in conventional accelerometers based on the parallelplate configuration. With initial fabrication gap of 2.75µm, the accelerometer can reach a 4.2µm dynamical displacement
amplitude. The accelerometer is tested up to 95(V) without exhibiting pull-in failure. For comparison, the pull-in voltage of
an accelerometer with same dimensions but with conventional parallel-plate electrode configuration is 0.8(V). The MEMS
device is fabricated using the POLYMUMPs fabrication standard. An electrical circuit is built to measure the capacitance
change due to motion of the accelerometer proof-mass. The accelerometer has a mechanical sensitivity of 35 nm
g and
mV
electrical sensitivity of 5.3 g . The ability to use large bias voltages without the typical adverse effects on the stability of
the moving electrode will enable the design of capacitive MEMS accelerometers with enhanced resolution and tunable
frequency range.
Index Terms— Electrical read-out, MEMS accelerometer, Repulsive electrode configuration

I. I NTRODUCTION
The first micromachined accelerometer was developed in
the late 1970s based on the piezoresistive effect and a bulk
micromachining process [1]. Since then, accelerometers based
on different sensing methods and fabrication techniques have
been introduced [2]. For example, piezoelectric, thermal,
optical, capacitive, and tunneling accelerometers have
been developed and fabricated with fabrication techniques
such as bulk and surface micromachining [2]. Today, the
most common accelerometer, especially in automotive
and consumer electronic applications, is the capacitive
accelerometer fabricated with surface micromachining [2].
Capacitive accelerometers offer high sensitivity, low power
consumption, low sensitivity to changes in temperature,
low fabrication cost, and ease of integration with CMOS
technology [2], [3].
In a previous work, we presented the mechanical
characterization of a rotational accelerometer that employed
the repulsive electrode configuration [4]. In this study, we
extend the work to demonstrate the feasibility of getting
an electrical read-out from an accelerometer that uses the
repulsive electrode configuration. To achieve this goal, we
have developed a system that allows for measuring the
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electrical output of the accelerometer when it is subjected
to mechanical excitation. An electrical circuit is designed
and built for measuring the change in the capacitance in the
proposed accelerometer. This paper describes the challenges
we overcame to measure the electrical output of the proposed
accelerometer. The current design of the accelerometer is an
improvement over a previous design that had a rotational
degree of freedom. The current design leads to less residual
stress in the microstructure from the fabrication process
because of the use of serpentine springs for supporting
the proof-mass. Moreover, the current design increases the
number of electrodes by 25 % because they can be employed
over all four sides of the proof-mass. In the previous design,
the electrodes could be employed on only three sides of the
proof-mass.
Capacitive MEMS accelerometers were developed in the
late 80s and early 90s by Analog Devices Inc. (ADXL50
accelerometer) and Motorola [5]. Their design basically has
not been changed since then. They typically consist of two
electrodes with a voltage difference applied between them,
with one electrode moving and one fixed. They usually
come in two design flavors, parallel-plate and interdigitated
electrodes [2]. In surface micromachining, the in-plane
dimensions can be from a few microns to a few millimeters
whereas the thicknesses are in the range of a few microns
[2]. Because of this, the parallel-plate design is usually
used for sensing acceleration in the vertical directions, and
the interdigitated-electrodes design is used for in-plane
acceleration sensing. The common theme between these two
designs is that the electrostatic force always pulls the moving
electrode toward the fixed electrode. This leads to the pull-in
instability problem [6]. Pull-in happens where the restoring
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force of the flexible element(s) of the microstructure is no
longer able to resist the electrostatic force on the moving
electrode [3]. Therefore, the moving electrode collapses to the
fixed electrode causing the permanent failure of the MEMS
device. The pull-in instability imposes a limitation on the
travel range of the moving electrode that is not desirable.
Usually the safe travel range is one third of the initial
fabrication gap between the moving and fixed electrodes.
These problems exist in almost all the capacitive MEMS
sensors and actuators based on the two-electrode design
approach. A MEMS transducer that is robust against pull-in
instability and or has a large stable travel range is very
desirable [7].

This nature of the electrostatic force eliminates the pull-in
possibility between the moving electrode and the underlying
fixed electrode [4], [15], [18]. Aside from eliminating
pull-in, another advantage of the repulsive approach is that
it extends the travel range of the microstructure more than
initial fabrication gap and therefore provides a transduction
scheme to make a new class of MEMS sensors and actuators.
Because the electrostatic force is modified in this method, it
can be considered in the third category of methods to address
the pull-in instability. Another advantage of the repulsive
approach is the flexibility in increasing the voltage on the side
electrodes several orders of magnitudes higher than voltages
used in conventional MEMS devices based on two electrodes.

There have been numerous methods proposed in the
literature to eliminate or mitigate the pull-in instability and
extend the travel range of the moving electrode. These
methods generally fall into three categories: modifying
the restoring force of the microstructure, changing the
electrostatic force on the moving electrode, and introducing
mechanical stoppers to prevent the collapse of the moving
electrode to the fixed electrode. For instance, piece-wise
linear or nonlinear springs [8] are proposed to strengthen the
restoring force of the microstructure, and therefore extending
the safe stable travel range. However, these methods do not
eliminate the pull-in instability but just mitigate it. Closedloop voltage control [9] is a method to get feedback from
the displacement of the moving electrode to change the bias
voltage between the two electrodes. This method basically
modifies the electrostatic force by changing the voltage and
extend the stable travel range. This method adds complexity
to the electrical circuitry. Adding another constant capacitor
in series with the variable capacitor [10] is another method
to modify the electrostatic force and extend the stable region
for the microstructure. This method is equivalent to enlarging
the initial fabrication gap and thus does not eliminate the
pull-in instability completely. The added capacitor introduces
parasitic capacitance, which degrades the device performance.
Charge or current control [11], [12] and leveraged bending
[13] are among the other methods to extend the stable region.
Especially, in the leverage bending approach, it is possible
to achieve 100% of the initial gap as the stable travel range
for microstructures such as cantilever and clamped-clamped
beams.

The accelerometer in this paper is fabricated with the
POLYMUMPs standard and tested with a mechanical shaker.
The proof mass and substrate velocities are measured with
a laser vibrometer to extract the relative motion between
the two. An electrical circuit is designed to measure the
electrical output of the accelerometer. The accelerometer has
a translational degree of freedom which allows for detecting
and measuring acceleration along 1-axis. The rest of this paper
is organized as follows. Section II presents the fabrication
and the working principle of the accelerometer. In Section
III we present a mathematical model of the accelerometer to
study its response under electrostatic and mechanical loads.
Section IV introduces the electrical circuit that is used to
detect the output of the device. The experimental results are
presented and discussed in section V. Finally, the conclusion
is given in section VI.

Another approach toward capacitive transduction is using
the repulsive electrode configuration [14], [15]. In this
approach, instead of two electrodes (one fixed and one
moving) there are four electrodes. Three of the electrodes
are fixed on the substrate, and the forth one is the moving
electrode suspended above the middle fixed electrode. Figure
1 shows the schematic of this electrode configuration and
voltage distribution in the repulsive scheme. In the repulsive
configuration, an electrical voltage is applied on the two
side electrodes on the substrate, while the middle fixed
electrode and the moving electrode are grounded. This
voltage distribution leads to an electrostatic force that pushes
the moving electrode away from the substrate [16], [17].

II.

FABRICATION
THE

AND W ORKING P RINCIPLE
ACCELEROMETER

OF

The schematic of the fabricated accelerometer is shown
in Fig. 2 (a). The dimensions of the accelerometer is given
in Table I. The accelerometer has a square proof-mass that
employs 27 repulsive electrodes on each side of it. The
accelerometer is suspended above the substrate with four
serpentine springs at its corners. Figure 1 illustrates the
principle of operation for the accelerometer. By applying
voltage on the side electrodes, the accelerometer is pushed
away from the substrate to a static equilibrium point. If an
acceleration is applied along the z axis, which is the sense
axis of the accelerometer, the proof mass will experience a
dynamic motion relative to its substrate. This motion leads to
a capacitance change between the moving and side electrodes,
which can be sensed with an electrical circuit. Therefore, by
measuring the change in capacitance between the moving and
side electrodes the applied acceleration could be measured.
The accelerometer is built using the POLYMUMPs
fabrication standard. This standard allows for three structural
layers, poly0, poly1, and poly2. The fabricated accelerometer
is shown in this Fig. 2 (b). The fixed electrodes are built
in the poly0 layer and they are all connected to each other
through a square plate that is underneath the proof-mass.
The proof-mass and all the moving electrodes that are
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Fig. 1. The principle of operation for the accelerometer. (a) (Vdc = 0). (b) (Vdc 6= 0). (c) (Vdc 6= 0) and acceleration is applied.

Fig. 2. (a) The 3D schematic of the accelerometer. (b) The fabricated accelerometer based on the POLYMUMPs standard

TABLE I
D IMENSIONS

FOR THE MICROSTRUCTURE IN

F IGURE 2.

Parameter

Symbol

Value

Plate length (µm)
Plate width (µm)
Moving electrode length (µm)
Total number of electrode sets
Moving electrode width (µm)
Side electrode width (µm)
Bottom electrode width (µm)
Gap between side and bottom electrodes (µm)
Moving electrode thickness (µm)
Bottom and side electrode thickness (µm)
Initial gap between moving and bottom electrodes (µm)
Mass of the microstructure (kg)
)
Simulated natural frequency ( rad
s
)
Experimental natural frequency ( rad
s
Constant damping ratio
Linear damping ratio
Modulus of elasticity (Gpa)
kg
Density ( m
3)
Force coefficient
Force coefficient
Force coefficient
Force coefficient
Force coefficient
Force coefficient
Force coefficient
Force coefficient
Force coefficient
Force coefficient
Spring dimension (µm)
Spring dimension (µm)
Spring dimension (µm)
Spring dimension (µm)

L
L
Lb
N
d
m
ωnSim
ωn
ζ0
ζ1
E
−
A0
A1
A2
A3
A4
A5
A6
A7
A8
A9
a1
a2
b1
a3

1000
1000
250
108
6
4
16
6
1.5
0.5
2.75
3.0269 × 10−9
10078
7037
0.0077
0.2336
160
2330
6.9534 × 10−8
1.65 × 10−2
−6.7048 × 103
6.6876 × 108
−1.5849 × 1013
−1.9187 × 1018
1.8163 × 1023
−6.8752 × 1027
1.2715 × 1032
−9.4512 × 1035
50
40
45
40

attached to it are made in the poly2 layer. The initial gap
between the microstructure and the underneath poly0 layer
is 2.75µm that is result of removing the two oxide layers.
These layers are deposited on top of a silicon nitride layer
which acts as an insulator. However, we have seen in the
experiment that this silicon nitride layer is not a good
insulator because the electrical charges could leak from
the side electrodes to the bottom electrode and the moving
electrode (through the anchors). It is worth mentioning that
silicon dioxide is usually a better option for an insulator layer
as its resistance is several orders of magnitudes higher than
silicon nitride. This leakage current was very problematic and
we will discuss in section IV how this problem was mitigated.
III. M ATHEMATICAL M ODELING
In this section, we develop a mathematical model for the
accelerometer under electrostatic and mechanical loads. This
model along with our previous work [4] have been used for
the design of the current accelerometer before fabricating it.
We model the motion of proof-mass with the one degree of
freedom system shown in Fig. 3 (a). The deformations of the
repulsive electrodes attached to the perimeter of the proofmass is modeled with Euler-Bernoulli beam. The governing
equations of the motion for the proof-mass and the beams are
given as following.
EIxx

∂ 2 w(z, t)
∂ 4 w(z, t)
2
+ ρA
= Vdc
Fes (x + w(z, t)) (1)
4
∂z
∂t2
mẍ + cẋ + kx = f (x) + mg0 sin(ωt)

(2)

Where, w(z, t) is the deflection of the beam with respect to
the proof-mass. In Eq. 1, the displacement of the proof-mass
is shown by x, and the electrostatic force on each beam is
represented by Fes , which is a function of the gap between the
moving and bottom electrodes. Vdc in Eq. 1 is the amount of
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Fig. 3. (a) The mathematical model for the accelerometer. (b) One
of the supporting serpentine springs. The dimensions of the spring are
given in the Table I.
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Force Profile
9th Order Polynomial Fit
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on all the beams on one side of the proof-mass is calculated
using the boundary element approach explained in [19]. For
more comprehensive use of this boundary element method for
repulsive configuration, one could refer to [20]. To obtain the
electrostatic force on one beam, the electrostatic force should
be divided by 27 because there are 27 moving electrodes on
each side of the proof-mass. As mentioned, the electrostatic
force is a function of gap between the moving and the bottom
electrodes. The gap between these two electrodes changes
along the length of the beam. The electrostatic force profile
is shown in Fig. 4 as a function of gap.

6
4
2
0
-2

Fig. 5. (a) The original circuit designed for measuring the change in
capacitance assuming there is no leakage. (b) The modified circuit to
address the leakage through the nitride layer and address the op-amp
saturation problem. The leakage through the nitride layer is shown with
R1 , R2 ,R3 resistors.
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gap ( m)
Fig. 4. The electrostatic force profile obtained from boundary element
approach (when Vd c = 1(V ))and the 9th order polynomial fit.

voltage applied on the side electrodes, and g0 is the amplitude
of the acceleration applied. All the other parameters in Eq.
1 are given in the Table I. f (x) in Eq. 2 is the electrostatic
force that is exerted on the proof-mass which is the sum of
the electrostatic force on all the moving electrodes given in
Eq. 3 .
Z
f (x(t)) = 4 × N ×

Because the first natural frequency of the microbeam
(9.1(kHz)) is well above the frequency ranges that we would
test the accelerometer for (below 4(kHz)), the beam deflection
would be quasi-static. Therefore, we can ignore the inertial
term in Eq. 1. We consider the mass of the moving electrodes
in the total mass of the proof-mass (m). In other word, the
mass (m) is equal to the mass of the plate and all the moving
electrode which is given in Table I. By substitute Eq. 3 into Eq.
2, and using it along with Eq. 1, we will have two equations
with two unknowns w and x as following.
EIxx

Lb

Fes (x(t) + w(z, t))dz

(3)

∂ 4 w(z, t)
2
= Vdc
Fes (x + w(z, t))
∂z 4

(4)

0

Where N is the number of electrodes on each side, and the
factor 4 represents the fact that there are four sets of electrodes
on the four sides of the proof-mass. The electrostatic force

ẍ + 2ζωn ẋ + ωn2 x =

4N
m

Z

Lb

Fes (x + w(z, t))dz + g0 sin(ωt)
0

(5)
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Where, ζ and ωn are the damping ratio and the natural
frequency of the spring-mass system respectively. We obtained
an estimate for the mechanical natural frequency of the device
by calculating the mass and stiffness of the microstructure.
The stiffness of the serpentine springs were calculated using
Castigliano’s theorem [21]. The geometry of the serpentine
spring is shown in Fig. 3 (b). The simulated value of the
mechanical natural frequency was calculated to be 1604(Hz).
Our expectation for the natural frequency of the fabricated
devices is to be less than this value, because this model
considers the proof-mass as a rigid body and does not account
for its flexibility (finite stiffness). The natural frequency of
the microstructure and the damping ratios are identified from
the experiment after the fabrication, which are presented in
the Table I. Because of squeeze film effects, the damping
ratios depend on the frequency [3]. Because by changing the
voltage on the side electrodes the resonance frequency of the
system would change, the damping ratios would depend on
the voltage. The damping ratios are given in the Table I. The
total displacement can be written as:
x(t) = xd (t) + xst

(6)

Where xd (t) is the amplitude of dynamic motion about the
equilibrium point caused by base excitation, and xst is the
static deflection due to electrostatic force at a given voltage.
The static deflection can be obtained by setting time-varying
terms equal to zero in Eq. 4 and Eq. 5.
We have used the bvp4c command in MATLAB and the
shooting method [3], [15] to solve the static and dynamics
equations numerically. In Section V, where we present the
experimental results, the simulation result are presented as
well.
IV.

E LECTRICAL C IRCUIT

In order to measure the change in capacitance between
the side electrodes and the moving electrode, we have built
an electrical circuit with surface mount components which
is shown in Fig. 5 (a). In this circuit, we have made a
charge amplifier with an operational amplifier (op-amp). The
variable capacitor C13 denotes the capacitance between the
side electrode and the moving electrode. However, as we
mentioned in the Section II, we realized that there is charge
leakage through the nitride layer. This leakage could be
considered as resistor between the bottom electrodes and side
electrodes, between the bottom electrodes and the moving
electrodes, and between the side electrodes and the moving
electrodes. These resistances are shown with R1 , R2 , and
R3 in Fig. 5 (b) respectively. With the leakage from the
side to the moving electrodes, applying a voltage on the
side electrodes leads to a charge on the moving electrodes.
This charge leads to the existence of an electrical voltage on
the inverting input of the op-amp that is much greater the
allowed voltage difference between the inputs of the op-amp
before running the op-amp to the saturation region. For a side
electrode bias voltage of 72 (V), this voltage is measured to
be around 17 (mV).

In order to address this issue, we considered the circuit
shown in Fig. 5 (b). As is shown in this figure, the noninverting input of the op-amp is no longer connected to
ground. Instead we have used a voltage divider to generate
a voltage that is equal to the voltage on the inverting input,
and therefore canceling it out. It is worth mentioning that the
op-amp multiplies the voltage difference between its input by
a very large gain. If the voltage difference between the inputs
of the op-amp is large, that would cause the op-amp to enter its
saturation region which is not desirable. By having the voltage
divider, we can make the voltage difference between the inputs
of the op-amp nearly zero. This would allow the op-amp to
operate in its linear range, which enables us to measure the
capacitance change due to dynamic motion of the proof mass.
V. E XPERIMENTAL R ESULTS
In this section, the experimental setup that is used to
measure the mechanical and electrical responses of the
accelerometer is explained. Then, the experimental results
for different electrical voltages and mechanical excitation are
presented.
The acceleromter and the shaker are placed inside a
vacuum chamber having its pressure is controlled by a
pressure controller set. Since this is our first attempt to
investigate the electrical read-out of the accelerometer,
we have tested it at reduced pressures to make sure the
accelerometer would have enough large motion to generate
an electrical signal. In a future extension of this work,
the accelerometer could be tested in atmospheric pressure.
Figure IV (a) shows the accelerometer chip mounted on
the printed circuit board (PCB) with ultra-violet (UV)
cured epoxy. Figure IV (b) shows the schematic of the
experimental setup. The PCB is attached to a fixture, and
then it is mounted on top of a mechanical shaker. We use
the shaker to perform a frequency sweep while keeping the
amplitude of the acceleration constant. In order to apply a
constant acceleration at different frequencies, first, we need to
characterize the performance of the shaker inside the vacuum
chamber. For the shaker characterization, the laser vibrometer
is focused on the substrate to measure its velocity. For any
amplitude of the acceleration (for example, 1g where g is the
gravitational acceleration of Earth), the frequency is swept
from 600Hz to 4(kHz). At each frequency, we run a loop to
send voltages with different amplitudes to the shaker. If the
acceleration of the substrate is within the 1% range of the
desired value (here between 0.99g and 1.01g) then the value
of the voltage that is sent to the shaker is recorded for that
frequency to generate the desired acceleration (1g).
After characterizing the shaker for different g-levels, we
apply a desired voltage on the side electrodes and then
perform a backward frequency sweep. The laser vibrometer is
used again to measure the motion of the accelerometer proof
mass relative to the substrate by measuring their velocities.
To calculate the relative motion, the experiment is performed
twice for each load case scenario. In the first measurement,
the laser vibrometer is focused on the substrate to measure
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Fig. 6. (a)The chip mounted on the PCB which itself is mounted on the shaker. (b) The experimental setup
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Fig. 7. The experimental displacement and readout voltage data for different excitation level when the voltage on side electrodes is 69 (V)

its velocity. In the second measurement, the laser vibrometer
is focused on the center point of the proof mass to measure
its velocity at each frequency. By performing a least squares
analysis on the velocity data, the relative displacement of the
proof mass is determined.

accelerometer is excited at several g-levels. The frequency
step is considered to be 10(Hz) inside the resonance region
and 25(Hz) outside the resonance region. As is shown in
these figures, the accelerometer electrical output follows the
same pattern as its displacement, which is promising.

To measure the electrical output of the accelerometer
at each g-level while the frequency being swept, we run
the experiment for a third time. With the data acquisition
system used in these measurements, we found that reading
the velocity and electrical output in one measurement led
to cross-talk between the channels of the data acquisition
system, which is not desirable. This is why we have done
one measurement at a time. The displacement data and the
electrical output of the accelerometer is presented in Fig. 7,
8, and 9 for three different voltages. At each voltage, the

The accelerometer is capable of producing an electrical
output as high as 600 (mV) when it is subjected to 5g
harmonic base excitation and the voltage on the side electrode
is 78(V ). The frequency range for operation of accelerometers
is usually considered to be 1/3 of their resonance frequency.
In this region, the relative displacement experienced by
the proof-mass is proportional to the acceleration of the
base regardless of the frequency of excitation, which
enables an accurate measurement of the acceleration. The
electrical sensitivity of the accelerometer is calculated by
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TABLE II
T HE EXPERIMENTAL RESULTS FOR THE FABRICATED ACCELEROMETER .

Voltage

69 (V)

78 (V)

95 (V)

Vout at 1g and 800 (Hz) - (mV)
Vout at 2g and 800 (Hz) - (mV)
Resonance frequency (KHz)
Maximum (Vout ) at 1g - (mV)
Sensitivity - (mV /g)
Bandwidth - (kHz)

5.01
10.33
2.75
232.4
5.32
0.92

3.42
6.85
3.04
182.8
3.43
1.01

1.97
4.11
3.41
129
2.14
1.14

measuring its electrical output off the resonance region
(at 800 (HZ)) for 1g and 2g excitation levels. At 69(V ),
the electrical sensitivity is measured to be 5.32(mV /g).
The sensitivity, resonance frequency, and frequency range
of the accelerometer for different voltages are given in table II.
The electrical sensitivity of the accelerometer decreases
with an increase in the voltage on the side electrodes. We
believe this is because of the leakage of charge through
the nitrite layer. Our expectation for the sensitivity was
to increase with the voltage on the side electrodes. In a
different publication of our research group [18], where the
repulsive electrode configuration is used to make a MEMS
microphone, the sensitivity increases with the voltage on the
side electrode. In that study, where the same electrical circuit
(Fig. 5 a) is used to measure the change in capacitance,
oxide is used as the insulator layer instead of nitride. For that
device, we measured the voltage on the inverting input of
the op-amp when a voltage is applied on the side electrode.
This voltage was almost 0(V ) as opposed to the 17(mV )
that we measured for the accelerometer. This is why we
believe the leakage through the nitrite is responsible for
decrease in sensitivity. The leakage in the nitride layer of
MUMPS process has been reported in [22]. The bandwidth
of the accelerometer is tunable with the voltage on the side
electrode. By increasing the voltage on the side electrodes,
the resonance frequency of the microstructure increases. This
leads to a larger bandwidth in which the frequency response
is flat. For instance, when the voltage is increased from 69(V )
to 95(V ) (a 37% increase), the resonance frequency increases
from 2820(Hz) to 3420(Hz) (21% increase). The increase
in the natural frequency means that the device gets more
stiff and this translates to the displacement of the proof-mass
at a certain g-level being smaller as the voltage increases.
Thus, there is a trade off between electrical sensitivity and
mechanical stiffness. As the voltage increases, the electrical
sensitivity increases but the mechanical sensitivity decreases.
The softening nonlinear behavior near resonance region
shown in Fig.7, 8, and 9 is a characteristic of the electrostatic
force in repulsive schemes. However, the resonance frequency
increases as the voltage on the side electrodes increases
(see Table II). This is because the contribution of the
electrical stiffness in the total stiffness of the microstructure
(mechanical + electrical) increases by increase in the voltage

on the side electrodes. Even though the repulsive electrode
configuration provides flexibility to increase the voltage on
the side electrodes, it should be mentioned that the voltage
on the side electrodes can not be increased infinitely in
practice. This is because the microstructure has a finite
stiffness in the lateral direction, which means that if the
voltage is increased without a limit, the moving electrode
will eventually collapse to the side electrodes. However, this
limit is substantially higher compared to the pull-in voltage
in conventional MEMS devices based on two electrodes [20].
For example, the current accelerometer has been tested at
95(V ) without exhibiting pull-in failure. As a comparison, if
the current accelerometer employs conventional parallel-plate
electrode configuration, the pull-in voltage would be 0.8(V )
according to Eq. 7 [3]. In other words, if the bias voltage
is applied between the moving and bottom electrodes (side
electrodes grounded), then the accelerometer will suffer from
pull-in at 0.8(V ). According to our previous study, the lateral
pull-in for the accelerometer happens around 120(V ).
s
Vpull−in =
r

8mωn2 d3
=
270 A

8 × 3.0269 × 10−9 × 70372
27 × 8.85 × 10−12 × 4 × 27 × 250 × 10−6 × 6 × 10−6
= 0.8(V ) (7)

Figure 10 shows the results of the mathematical model,
which was developed in Section III, and compare them with
experimental results. We have presented the results at lowest
and highest g-level at each voltage. As Fig. 10 illustrates, there
is a good agreement between the simulation and experimental
results. The one degree of freedom model of the complicated
microstructure captures the amplitude in frequencies lower
than resonance (This region is used to derive the sensitivity
of the device), and even in resonance region. It also captures
the resonance frequency and the bandwidth of the resonance
peak in the experiment with acceptable accuracy (the largest
mismatch between the resonance frequency is 1.8% that
happens at 95V − 1g). The stroke of conventional capacitive
accelerometer devices is limited to the initial gap because
the travel direction can only be towards the substrate. A
comparison between the performance characteristics of the
proposed accelerometer in this study with the accelerometers
in the literature is given in the Table III.
VI.

C ONCLUSION

A capacitive MEMS accelerometer based on the repulsive electrode configuration is fabricated and tested in this
study. An electrical circuit was built to measure the electrical output of the accelerometer. The mechanical response
of the accelerometer is measured with a laser vibrometer.
The accelerometer responses to several base excitation glevels and at different voltages applied to the side electrodes
are presented. While the initial fabrication gap is 2.75µm,
the accelerometer can reach 4.2µm dynamical displacement
amplitude. This study shows the successful performance of
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Fig. 8. The experimental displacement and readout voltage data for different excitation level when the voltage on side electrodes is 78 (V)
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Fig. 9. The experimental displacement and readout voltage data for different excitation level when the voltage on side electrodes is 95(V)

the accelerometer when it is subjected to a voltage on the side
electrodes as high as 95(V ) without suffering from pull-in
instability. The accelerometer output voltage is proportional
to the base acceleration. The accelerometer has a mechanical
mV
sensitivity of 35 nm
g and electrical sensitivity of 5.3 g . The
frequency range of the acceleromter is tunable with the voltage
on the side electrode, making it suitable for use in different
applications and environments.
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